Science with the space-based interferometer eLISA. II: gravitational waves from cosmological phase transitions by Caprini, Chiara et al.
DESY 15-246
Science with the space-based interferometer eLISA.
II: Gravitational waves from cosmological phase
transitions
Chiara Caprinia, Mark Hindmarshb,c, Stephan Huberb,
Thomas Konstandind, Jonathan Kozaczuke, Germano Nardinif ,
Jose Miguel Nob, Antoine Petiteaug, Pedro Schwallerd,
Ge´raldine Servantd,h, David J. Weiri
a IPhT, CEA Saclay and CNRS UMR3681, 91191 Gif-sur-Yvette, France
b Department of Physics and Astronomy, University of Sussex, BN1 9QH, Brighton, UK
c Department of Physics and Helsinki Institute of Physics, PL 64, FI-00014 University of Helsinki,
Finland
d DESY, Notkestrasse 85, D-22607 Hamburg, Germany
e TRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada
f ITP, AEC, University of Bern, Sidlerstrasse 5, CH-3012, Bern, Switzerland
g APC, Universite´ Paris Diderot, Observatoire de Paris, Sorbonne Paris Cite´, 10 rue Alice Domon
et Le´onie Duquet, 75205 Paris Cedex 13, France
h Institute of Theoretical Physics, Univ. Hamburg, D-22761 Hamburg, Germany
i Institute of Mathematics and Natural Sciences, University of Stavanger, 4036 Stavanger, Norway
Abstract
We investigate the potential for the eLISA space-based interferometer to detect the stochastic
gravitational wave background produced by strong first-order cosmological phase transitions. We
discuss the resulting contributions from bubble collisions, magnetohydrodynamic turbulence, and
sound waves to the stochastic background, and estimate the total corresponding signal predicted
in gravitational waves. The projected sensitivity of eLISA to cosmological phase transitions is
computed in a model-independent way for various detector designs and configurations. By applying
these results to several specific models, we demonstrate that eLISA is able to probe many well-
motivated scenarios beyond the Standard Model of particle physics predicting strong first-order
cosmological phase transitions in the early Universe.
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1 Introduction
Phase transitions (PTs) are ubiquitous in nature. Boiling liquid into gas, the emergence of
superconductivity, superfluidity, and permanent magnetization in ferromagnetic materials
are some well-known examples of this phenomenon. Intriguingly, PTs can also be cosmologi-
cal : regions of the universe can abruptly transition from one ground state to another. In the
language of quantum field theory, this typically corresponds to the appearance or change of
a scalar field operator’s vacuum expectation value (VEV).
A first-order cosmological PT can occur when two local minima of the free energy co-exist
for some range of temperatures. If this is the case, the relevant scalar field can quantum
mechanically ‘tunnel’ or thermally fluctuate into the new phase. These quantum or thermal
processes proceed via the nucleation of bubbles in a sea of metastable phase. The bubbles
will then expand and eventually collide with each other. This sequence of events can give
rise to a significant stochastic background of gravitational waves (GWs), as we describe
below, and provides an attractive target for the next space-based GW observer, the eLISA
interferometer [1].
First-order cosmological PTs are predicted in many scenarios beyond the Standard Model
of particle physics. They can be tied to the production of the observed baryon asymmetry,
to the nature of dark matter, or simply be a byproduct of an extended scalar sector. Conse-
quently, eLISA can be a vital tool in exploring possibilities for new physics, complementing
existing observational efforts at colliders, precision and cosmic frontier experiments.
The purpose of this paper is to quantitatively assess the extent to which eLISA can
test realistic scenarios predicting strong first-order PTs in the early Universe. Currently, a
design study is in progress within the European Space Agency to define the most scientifically
promising configuration of eLISA. The characteristics of the configuration that remain open
or undetermined are the low-frequency noise level, soon to be tested by the LISA Pathfinder
[2], the number of laser links (four or six, corresponding to two or three interferometer arms),
the length of the interferometer arms (1, 2, or 5 million km), and the duration of the mission
(2 or 5 years).
As part of the design study, the scientific potential of each possible eLISA configuration is
currently being analyzed and scrutinized. This paper is the second in a series that evaluates
the impact of the aforementioned four key design specifications on the scientific performance
of eLISA. The first considered the primary scientific target of eLISA: the GW signal from
massive black hole binaries [3]. In this paper, we specifically address eLISA’s potential
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to detect a stochastic GW background arising from a first-order PT. As we will see, our
conclusions in this regard depend quite sensitively on the experimental configuration. For
a more detailed discussion on the status of the eLISA mission and its possible designs, we
refer the reader to the first paper of this series [3].
The remainder of this study is structured as follows. We provide an overview of GW
generation at a first-order cosmological PT in Section 2. Model-independent projections of
the eLISA sensitivity to such signals are presented in Section 3. We then discuss several
specific examples of models predicting strong GW signatures through a first-order PT in
Section 4, either associated with electroweak symmetry breaking (Section 4.2) or otherwise
(Section 4.3). Section 5 comprises a summary and our conclusions. Some additional details
of our analysis are provided in Appendix A.
1.1 Definitions and Notation
Before proceeding, we comment briefly on our notation, which generally coincides with that
found in e.g. Ref. [4], and identify the quantities important for computing the GW signal
from cosmological PTs.
In what follows, T∗ denotes the temperature of the thermal bath at the time t∗ when GWs
are produced. For typical transitions without significant reheating, this is approximately
equivalent to the nucleation temperature, T∗ ≈ Tn. For the remainder of this section we
assume that this is the case, deferring the treatment of scenarios with large reheating effects
to Section 2.2.3. The bubble nucleation rate is [5]
Γ(t) = A(t)e−S(t) , (1)
where S is the Euclidean action of a critical bubble1. Tn is then defined as the temperature
at which Γ becomes large enough to nucleate a bubble per horizon volume with probability
of order 1.
In terms of Γ(t), the (approximate) inverse time duration of the PT is defined as
β ≡ − dS
dt
∣∣∣∣
t=t∗
' Γ˙
Γ
. (2)
1In principle, there are many solutions to the Euclidean equations of motion that can contribute to the
action. In practice, only the solution with the lowest action is relevant. For vacuum transitions, this is the
O(4)-symmetric solution with Euclidean action S4, while at finite temperature the O(3)-symmetric bounce
is the relevant solution, with Euclidean action S3/T . Then, at a given time, S(t) ≈ min{S4, S3/T}.
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A key parameter controlling the GW signal is the fraction β/H∗, where H∗ is the Hubble
parameter at T∗. The smaller β/H∗ is, the stronger the phase transition and consequently
the GW signal. Provided T∗ ≈ Tn, this ratio can be expressed as
β
H∗
= T∗
dS
dT
∣∣∣∣
T∗
. (3)
A second key parameter, α, is the ratio of the vacuum energy density released in the
transition to that of the radiation bath 2. For transitions without significant reheating,
α =
ρvac
ρ∗rad
, (4)
where ρ∗rad = g∗pi
2T 4∗ /30, and g∗ is the number of relativistic degrees of freedom in the plasma
at T∗.
The characteristic frequency of the signal at the time of emission is set roughly by H∗ (see
Section 2.1). For PTs taking place at the electroweak epoch, the observed frequency today,
which is redshifted by a factor of (T0/T∗), is typically in the milliHertz range. eLISA, which
is sensitive to frequencies in this range, may therefore provide a window to electroweak scale
physics.
Other important parameters are [6]
κv =
ρv
ρvac
, κφ =
ρφ
ρvac
, (5)
the fraction of vacuum energy that gets converted into bulk motion of the fluid and into
gradient energy of the Higgs-like field, respectively. Finally, vw denotes the bubble wall
velocity in the rest frame of the fluid far away from the bubble.
2 Prediction of the Gravitational Wave Signal
As mentioned above, a first-order PT proceeds by the nucleation and expansion of bubbles
of a new phase. Isolated spherical bubbles do not source GWs. It is therefore processes
arising during the collision of bubbles that are relevant for GW physics (we ignore possible
instabilities [7, 8]).
Depending on the details of the model, the bubble walls can move with velocities up to
the speed of light. If the dynamics of the PT involve only a single field with no relevant
2 Notice that in parts of the literature, α is defined in terms of the latent heat of the PT and not in terms
of the vacuum energy. In the limit of strong PTs and large supercooling these two definitions coincide.
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couplings to the thermal bath, then the bubble walls move relativistically in what is known
as a vacuum transition.
Thermal PTs, in which the scalar field is coupled to a plasma of light fields, typically
involve slower wall velocities due to the effective friction term coupling the field to the
plasma [9]. It is, however, still possible to get luminal wall velocities [10]. For thermal PTs,
if velocities are subsonic vw < 1/
√
3, a shock forms in the plasma in front of the bubble wall;
if velocities are supersonic vw > 1/
√
3, a rarefaction wave forms behind the bubble wall.
The spectrum of the stochastic GW background arising from cosmological PTs depends
on various sources. These are outlined in Section 2.1. Which sources are most relevant in a
given PT scenario depends sensitively on the dynamics of bubble expansion. We discuss the
various possibilities in Section 2.2.
2.1 Contributions to the Gravitational Wave Spectrum
To varying degrees, three processes are involved in the production of GWs at a first-order
PT:
• Collisions of bubble walls and (where relevant) shocks in the plasma. These can be
treated by a technique now generally referred to as the ‘envelope approximation’ [11–16].
As described below, this approximation can be used to compute the contribution to the
GW spectrum from the scalar field, φ, itself.
• Sound waves in the plasma after the bubbles have collided but before expansion has
dissipated the kinetic energy in the plasma [17–20].
• Magnetohydrodynamic (MHD) turbulence in the plasma forming after the bubbles have
collided [21–26].
These three processes generically coexist, and the corresponding contributions to the stochas-
tic GW background should linearly combine, at least approximately, so that
h2ΩGW ' h2Ωφ + h2Ωsw + h2Ωturb . (6)
Let us briefly review each contribution in more detail.
2.1.1 Scalar Field Contribution
The GW contribution from the scalar field involved in the PT can be treated using the
envelope approximation [11–14]. In this approximation, a fraction κ of the latent heat of
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the PT is deposited in a thin shell close to the PT front. The energy in each shell is
then assumed to quickly disperse after colliding with another shell such that the energy is
primarily stored in the envelope of uncollided shells 3. Numerical simulations utilizing the
envelope approximation suggest that the GW contribution to the spectrum is given by [16]
h2Ωenv(f) = 1.67× 10−5
(
H∗
β
)2(
κα
1 + α
)2(
100
g∗
) 1
3
(
0.11 v3w
0.42 + v2w
)
Senv(f) , (7)
where Senv(f) parametrises the spectral shape of the GW radiation. A fit to simulation
data [16] yields
Senv(f) =
3.8 (f/fenv)
2.8
1 + 2.8 (f/fenv)3.8
, (8)
with the slopes of the spectrum in the limit of small and large frequencies given respectively
by Senv ∝ f q with q = 2.8 and Senv ∝ f−p with p = 1. Causality implies that at low
frequency the spectral index is q = 3 [28]. This has to be the case at least for frequencies
smaller than the inverse Hubble horizon at GW production, Eq. (11). However, q = 2.8
provides a better fit to the simulated result close to the peak of the spectrum and we adopt
this spectral index in the following.
The peak frequency of the contribution to the spectrum from bubble collisions, fenv, is
determined by the characteristic time-scale of the PT, i.e. its duration 1/β [25, 28]. From
simulations, the peak frequency (at t∗) is approximately given by [16]
f∗
β
=
(
0.62
1.8− 0.1vw + v2w
)
. (9)
This value is then red-shifted to yield the peak frequency today [14],
fenv = 16.5× 10−3 mHz
(
f∗
β
) (
β
H∗
)(
T∗
100 GeV
)( g∗
100
) 1
6
. (10)
In going from Eq. (9) to Eq. (10) we use the value of the inverse Hubble time at GW
production, redshifted to today,
h∗ = 16.5× 10−3 mHz
(
T∗
100 GeV
)( g∗
100
) 1
6
(11)
along with the assumption that the Universe transitioned directly to a radiation-dominated
phase after the PT and has expanded adiabatically ever since.
3The envelope approximation we adopt here neglects the fact that the scalar field can perform oscillations
as it settles into the true vacuum after wall collisions, as demonstrated e.g. in [27].
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The envelope approximation can be readily applied to the GW contribution arising from
the scalar field itself,
h2Ωφ(f) = h
2Ωenv(f)
∣∣
κ=κφ
, (12)
where κφ denotes the fraction of latent heat transformed into the kinetic energy of the scalar
field. Its size depends on the details of the bubble expansion, as we discuss in Section 2.2.
2.1.2 Sound Waves
Percolation produces bulk motion in the fluid in the form of sound waves. Acoustic produc-
tion of GWs is an area of active research, and a definitive model covering all relevant vw and
α is not yet available [17, 20]. For generic values of vw (meaning values more than about
10% away from the sound speed or the speed of light), the numerical results of [20] are fitted
reasonably by
h2Ωsw(f) = 2.65× 10−6
(
H∗
β
)(
κvα
1 + α
)2(
100
g∗
) 1
3
vw Ssw(f) , (13)
where the efficiency κv denotes the fraction of latent heat that is transformed into bulk
motion of the fluid, and depends on the expansion mode of the bubble (see Section 2.2).
The numerical simulations performed in Ref. [20] indicate that the contribution from
acoustic production can be modelled by a broken power law, with the causal slope q = 3
for values of the frequency below the peak frequency, and a power law −p above the peak,
with p & 3. It can be shown that the signal-to-noise ratios for GW detection are rather
insensitive to the precise value of p if it is greater than 3. For the purposes of this analysis
we take p = 4. We adopt the following spectral shape Ssw(f) in Eq. (13):
Ssw(f) = (f/fsw)
3
(
7
4 + 3 (f/fsw)2
)7/2
. (14)
The peak frequency fsw is not yet well understood. The overall scale is set by the
average bubble separation R∗ = (8pi)
1
3vw/β, but the peak position is found numerically to
be less than R∗. A conservative estimate that complies with the above spectral shape is
fsw = (2/
√
3)(β/vw), which, after redshifting, becomes
fsw = 1.9× 10−2 mHz 1
vw
(
β
H∗
)(
T∗
100 GeV
)( g∗
100
) 1
6
. (15)
The parametric dependence of the GW spectrum in Eq. (13) differs by a factor β/H∗
with respect to the envelope result in Eq. (7). The enhancement of the spectral amplitude by
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a factor β/H∗ for long-lasting sources w.r.t to short lasting ones has been predicted on the
basis of analytical arguments in Ref. [25]. Simulations show that the sound waves typically
remain active as a source of GW much longer than the collisions of the bubble walls [20]. We
therefore believe that the β/H∗ factor is tied to the duration of the source, and is robust. The
same amplification is observed in the case of MHD turbulence which is also a long-lasting
source (it takes several Hubble times to dissipate [25]).
We emphasize that the simulations used to arrive at Eqs. (13)–(15) were restricted to
values of α . 0.1 and the maximum root mean square fluid velocity √καv was about
0.05. The extent to which the results of these simulations can be extrapolated to larger α
remains to be investigated. In particular, we expect that the development of weak shocks at
tsh ∼ (vw/√καv)β−1 (see e.g. [29]) will eventually convert the acoustic signal to a turbulent
one, described in the next section. We urge the reader to keep this in mind when interpreting
our results below.
2.1.3 MHD Turbulence
Percolation can also induce turbulence in the plasma, and in particular MHD turbulence
since the plasma is fully ionized. Considering Kolmogorov-type turbulence as proposed in
Ref. [30], its contribution to the GW spectrum in Eq. (6) can be modelled as4 [6, 25]
h2Ωturb(f) = 3.35× 10−4
(
H∗
β
)(
κturb α
1 + α
) 3
2
(
100
g∗
)1/3
vw Sturb(f) , (16)
where κturb denotes the fraction of latent heat that is transformed into MHD turbulence
(note the different dependence on this parameter w.r.t to the sound wave and scalar field
cases). Similarly to the case of sound waves, one recognizes the amplification by a factor
β/H∗ which is typical of sources that last longer than the average duration 1/β of the PT.
The spectral shape has been found analytically and is given by [6, 25]
Sturb(f) =
(f/fturb)
3
[1 + (f/fturb)]
11
3 (1 + 8pif/h∗)
. (17)
The explicit dependence on the Hubble rate h∗ (c.f. Eq. (11)) is also a consequence of the
fact the turbulence acts as a source of GW for several Hubble times. The causal slope
4Note that MHD turbulence after a primordial PT can also be helical, as pointed out e.g. in Ref. [23].
Here we neglect the GW signal from a possible helical component, which in the context of eLISA will be the
subject of a subsequent study.
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q = 3 is recovered for frequencies smaller than h∗, but it changes to q = 2 for intermediate
(sub-Hubble) values of the frequency h∗ < f < fturb, again due to the long duration of the
GW source [25]. At large frequency f  fturb the slope is determined by the Kolmogorov
turbulence model, p = 5/3.
Similarly to the sound wave case, the peak frequency is connected to the inverse charac-
teristic length-scale of the source, the bubble size R∗ towards the end of the PT. Analytic
arguments show that this is due to the particular time de-correlation properties of the tur-
bulent source [25]. One has fturb ' (3.5/2)(β/vw), which becomes, after redshifting,
fturb = 2.7× 10−2 mHz 1
vw
(
β
H∗
)(
T∗
100 GeV
)( g∗
100
) 1
6
. (18)
Note that, contrary to the envelope and sound wave cases, the spectral shape of the GW
spectrum in Eq. (17) has not been tuned such that fturb exactly corresponds to the maximum
of Sturb(f). Here fturb is inherited from the physical arguments underlying the analytical
evaluation carried out in Ref. [25].
2.2 Dynamics of the Phase Transition: Three Cases
The relative importance of each contribution discussed above w.r.t. GW generation depends
strongly on the features of the PT and its dynamics. The bubble wall velocity plays a key
role in this respect. If the wall velocity is small, the thermal bath can efficiently absorb the
energy available in the PT, and the GW spectrum is thus suppressed. If the wall velocity
is instead relativistic, a large portion of the energy budget can go into bulk motion or
even in the kinetic energy of the wall itself. Moreover, in the case of relativistic bubble
wall velocities, qualitatively different scenarios can arise, depending on whether the bubble
wall reaches a terminal velocity or not. In the latter (‘runaway’) case, a further important
distinction is whether or not plasma effects play an important role in bubble expansion.
Below, we consider these different scenarios in turn 5. We stress that, when analyzing the
GW spectrum predicted in a particular particle physics model, it is important to understand
which of the following scenarios apply.
5We do not analyze the case of non-relativistic wall velocity since it tends to yield GW spectra that are
not detectable in the forthcoming future.
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2.2.1 Case 1: Non-runaway Bubbles
Bubbles expanding in a plasma can reach a relativistic terminal velocity. In this case, the
energy in the scalar field is negligible (it only scales with the surface of the bubble and not
with the volume) and the most relevant contributions to the signal are expected to arise
from the bulk motion of the fluid. This can be in the form of sound waves and/or MHD
turbulence. Combining these contributions, we approximate the total spectrum as
h2ΩGW ' h2Ωsw + h2Ωturb . (19)
As shown in the previous sections, these expressions involve κv, the efficiency factor for
conversion of the latent heat into bulk motion [9, 14]. In the limits of small and large vw, it
is approximately given by
κv '
{
α (0.73 + 0.083
√
α + α)
−1
vw ∼ 1
v
6/5
w 6.9α (1.36− 0.037√α + α)−1 , vw . 0.1
(20)
Full expressions for κv are given in Ref. [9], which we utilize below (note that κv is called κ
in Ref. [9]).
The GW spectra also depend on vw, which is model-dependent. We choose vw = 0.95
for concreteness, since scenarios with nearly luminal wall velocities are more promising from
the standpoint of observable gravitational radiation.
In the GW contribution from MHD turbulence, Eq. (16), we take
κturb =  κv , (21)
with  representing the fraction of bulk motion which is turbulent. Recent simulations
suggest that only at most 5 − 10% of the bulk motion from the bubble walls is converted
into vorticity (cf. e.g. Table II in [20]). However, these simulations lasted for less than
one eddy turn-over time so one would not expect significant turbulence to have developed.
The onset of turbulence is expected after shocks develop at tsh ∼ (vw/√καv)β−1, which is
less than a Hubble time for stronger transitions. More work is needed to understand how
turbulence develops from the acoustic waves, and to allow for the uncertainty in what follows
we conservatively set  = 0.05. This strongly suppresses the role of turbulence as far as the
detection of GW from the PT is concerned, thereby underestimating the signal in the case
that weak shocks develop within one Hubble time. As we will see, turbulence can only
slightly improve the signal-to-noise ratio in extreme cases for which the PT is very slow,
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i.e. β ' H∗. A more accurate balance between acoustic and turbulent gravitational wave
production remains to be investigated, as does the possible contribution from the magnetic
field.
2.2.2 Case 2: Runaway Bubbles in a Plasma
If a model predicts a first-order PT already at the mean-field level, it is possible for the
bubble wall to accelerate without bound and hence run away [10], with vw → c. Although
the existence of a runaway configuration does not guarantee that it will be realized [31, 32],
it is generally difficult to prevent strong transitions from reaching the runaway regime, if it
exists.
Bubbles can run away even if expanding in a thermal plasma. In this case, the energy
density stored in the Higgs-like field profile cannot be neglected, since it is known to dominate
as α → ∞ (Case 3 below). The total contribution to the GW signal can be approximated
in this case by
h2ΩGW ' h2Ωφ + h2Ωsw + h2Ωturb , (22)
where we have reintroduced Ωφ, the part sourced by gradients in the scalar field. This
contribution is well-modeled by the envelope approximation (see Section 2.1.1).
The following picture emerges in this case [9]. As α is increased, the wall velocity quickly
becomes relativistic. We denote by α∞ the minimum value of α such that bubbles run away
(i.e. no longer reach a terminal velocity in the plasma frame). For α > α∞, the fraction
of the total phase transition energy budget deposited into the fluid saturates. Beyond this
value, the fluid profile no longer changes with increasing α and the surplus energy goes into
accelerating the bubble wall. This surplus energy is parameterized by the fraction
κφ ≡ α− α∞
α
≥ 0 . (23)
Only the fraction α∞/α of the total energy budget is then transformed into bulk motion and
thermal energy according to Eq. (20):
κv ≡ α∞
α
κ∞ ,
κtherm ≡ (1− κ∞) α∞
α
,
κ∞ ≡ α∞
0.73 + 0.083
√
α∞ + α∞
.
(24)
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The parameter α∞ is model-dependent. Denoting the tunneling field6 as φ with corre-
sponding vacuum expectation value φ∗ inside the bubble immediately after tunneling, one
can express α∞ as [9]
α∞ ' 30
24pi2
∑
a ca∆m
2
a(φ∗)
g∗T 2∗
, (25)
for the typical case with T∗ ≈ Tn. In the above expression, the sum runs over all particles
a that are light in the initial phase and heavy in the final phase, ∆m2a(φ∗) is the difference
of their (field-dependent) squared masses in the two phases, g∗ again corresponds to the
effective number of relativistic degrees of freedom in the initial phase, and ca is equal to Na
for bosons and 1
2
Na for fermions, with Na the number of the degrees of freedom for the species
a. For electroweak PTs in models with Standard Model-like particle content (g∗ = 106.75,
a ∈ {W±, Z, t} and NW = 6, NZ = 3, Nt = 12) 7, this parameter is approximately given
by 8
α∞ ' 4.9× 10−3
(
φ∗
T∗
)2
. (26)
Since most scenarios beyond the Standard Model do not feature new relativistic degrees of
freedom or new particles with couplings to the Higgs comparable to those of the SU(2)L
gauge bosons or top quark, Eq. (26) is typically a reliable estimate for electroweak PTs,
although one should verify this explicitly with the exact expressions found in Ref. [9].
By definition, reasonably strong first-order PTs in a radiation-dominated epoch feature
φ∗/T∗ & 1. On the other hand, heuristically, models with φ∗/T∗ & 10 are more likely to fall
into the large-α case (described in the next section) for which α∞ becomes irrelevant. We
therefore expect α∞ ∼ 0.005 – 0.5 for scenarios belonging to Case 2.
2.2.3 Case 3: Runaway Bubbles in Vacuum
Finally, some models predict PTs that occur in a vacuum-dominated epoch. This situation
arises in models with a significant amount of supercooling. In this case, plasma effects are
negligible, and the bubble wall will accelerate indefinitely, with vw quickly approaching the
speed of light, as in Case 2 above.
6Here, φ should be thought of as a vector in field space for scenarios in which more than one field changes
its VEV during the transition.
7The Higgs and Goldstone contributions are typically numerically negligible.
8Note that the expression above differs from that in Ref. [9]; we believe this discrepancy is due to an
algebraic error in the latter.
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The temperature T∗ in this situation is given approximately by the reheat temperature
after percolation, T∗ ≈ Treh. So far, in most of our expressions we have assumed T∗ ≈ Tn ≈
Treh, as is appropriate for transitions in a radiation-dominated epoch and without significant
reheating. However, in the vacuum case, one instead generally expects Tn  Treh ≈ T∗, since
Treh is governed by the vacuum energy released during the transition. The definitions of α and
β/H∗ should be adjusted accordingly. In particular, for vacuum transitions, Equations (3)
and (4) should be replaced by
β
H∗
=
H(Tn)
H∗
Tn
dS
dT
∣∣∣∣
Tn
, α =
ρvac
ρrad(Tn)
. (27)
Notice that for fast reheating one obtains H(Tn) ' H∗ even though Tn  T∗. This is because
energy conservation ensures that the vacuum energy that dominates H(Tn) is transformed
without loss into the radiation energy that dominates H∗.
As Tn → 0, α→∞ and the α dependence drops out of the predicted GW signal in this
scenario (c.f. Eq. (7)). Also, in this limit, only the Higgs field contribution is significant,
from which it follows that
h2ΩGW ' h2Ωφ , (28)
where h2Ωφ is given in Eq. (12), and Eq. (7) with κφ = 1, vw = 1. There is no significant
plasma contribution in this case, by definition. Note that, if the reheating of the Standard
Model sector is slow, there will be a period of matter domination immediately following the
transition, which would change the redshift, and hence Eq. (10). We will not consider this
particular case further.
3 eLISA Sensitivity
3.1 Detection Threshold
In this analysis we consider four representative configurations for eLISA, which we name C1-
C4 and which are listed in Table 1. The corresponding eLISA sensitivity curves can be found
in Ref. [3] for the target GW source, massive black hole binaries. On the other hand, here
we are interested in a stochastic background of GWs, which is statistically homogeneous and
isotopic. The purpose of this section is to briefly explain how one can obtain sensitivity curves
which correctly represent the prospects for detecting a stochastic GW background with
eLISA for a given configuration (more details will be presented in an upcoming study [33]).
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Name C1 C2 C3 C4
Full name N2A5M5L6 N2A1M5L6 N2A2M5L4 N1A1M2L4
# links 6 6 4 4
Arm length [km] 5M 1M 2M 1M
Duration [years] 5 5 5 2
Noise level N2 N2 N2 N1
Table 1: Properties of the representative eLISA configurations chosen for this study. The
corresponding sensitivity curves are shown in Figure 1. More details on these configurations
and their sensitivity curves can be found in Ref. [3] and Ref. [33] respectively.
For the C1-C4 configurations, the resulting eLISA sensitivity to a stochastic GW back-
ground is shown in Figure 1. The most promising clearly appears to be C1, which corresponds
to the old LISA configuration: it has 6 links, 5 million km arm length, a duration of 5 years
and noise level corresponding to that expected to be found by the LISA Pathfinder (labeled
as N2 and henceforth called “LISA Pathfinder expected”). The least sensitive is C4, with
4 links, 1 million km arm length, a duration of 2 years and noise level corresponding to 10
times larger than expected (N1, also dubbed “LISA Pathfinder required”). For the inter-
mediate configurations, we have fixed the duration to five years and the noise level to LISA
Pathfinder expected, since these two characteristics are likely achievable. An open question,
which we would like to answer with this analysis, is whether it is more efficient to add a
pair of laser links or to increase the arm length for the purpose of probing the occurrence
of first-order PTs in the early Universe. The outcome, as we will see, is that adding a pair
of laser links leads to a larger gain in sensitivity than increasing the arm length from 1 to 2
million km.
To assess the detectability of the GW signal, we consider the signal-to-noise ratio [34],
SNR =
√
T
∫ fmax
fmin
df
[
h2ΩGW(f)
h2ΩSens(f)
]2
, (29)
where h2ΩSens(f) denotes the sensitivity of a given eLISA configuration and T is the duration
of the mission in years [33]. Whenever SNR is larger than a threshold SNRthr, the signal
h2ΩGW(f) can be detected. Quantifying SNRthr is not an easy task. We briefly describe how
this can be done here, referring the interested reader to Ref. [33] for more details.
Applying a Bayesian method, Refs. [35, 36] found that the old LISA configuration over
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Figure 1: Sensitivity curves of the C1-C4 configurations given in Table 1 compared with a typical
GW signal. We have chosen the signal predicted in the Higgs portal scenario described in Section
4.2.2, with benchmark values T∗ = 59.6, α = 0.17, β/H∗ = 12.54, φ∗/T∗ = 4.07 (see Table 3).
one year can detect a white-noise stochastic background at the level of h2ΩL6GW = 1× 10−13.
This sensitivity can be achieved by exploiting the fact that, with three interferometer arms
(i.e. three pairs of laser links), it is possible to form two (virtually) noise-independent detec-
tors, in which the noise is uncorrelated whereas the GW signal is correlated. This technique
is safe and robust, although it remains to be tested with realistic noise levels. On the other
hand, this technique cannot be applied to the two-arm configurations, and the level of de-
tectable GW background is degraded. With the same Bayesian method, and assuming good
prior knowledge of the noise, Ref. [36] finds that with a four-link but otherwise LISA-like
configuration over one year one can detect a white-noise stochastic background at the level
of h2ΩL4GW = 3.5× 10−13.
These levels of sensitivity h2ΩL6,L4GW do account for the presence of the confusion noise
from galactic binaries: Refs. [35, 36] show that this latter can be estimated, and therefore
extracted, together with the cosmological signal using the Bayesian method. This is why we
do not include it in the sensitivity curves of the C1-C4 configurations shown in Fig. 1.
For the present detection analysis, we use the above results and convert them into cor-
responding values of SNRthr. We compare the h
2ΩL6GW and h
2ΩL4GW detection levels with
the power law sensitivity curve for each six-link (respectively, four-link) configuration. The
power law sensitivity curve is a concept developed in [34] with the aim of accounting for the
improvement in the usual sensitivity curves of a GW detector that comes from the broadband
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nature of a stochastic signal. The curve is given by the envelope of power laws Ωβ(f/fref)
β
that can be detected with SNR = 1, varying β. For each eLISA configuration, we compute
the power law sensitivity curve, and the SNR corresponding to the detection levels h2ΩL6GW
and h2ΩL4GW. To be conservative, for the four-link configurations we increase the detectability
level to h2ΩL4GW = 10
−12. This yields SNR = 10 for all six-link configurations and SNR = 50
for all four-link configurations. We then interpret these values as SNRthr. In other words, we
classify a given GW background h2ΩGW(f) as detectable by a six-link configuration (four-
link) if, once inserted into Eq. (29), it returns SNR > 10 (SNR > 50) [33]. Since we choose
SNRthr based on [35, 36], the confusion noise from galactic binaries is accounted for in our
analysis.
3.2 Examples of Gravitational Wave Spectra
We have seen in Section 2.1 that the GW spectrum from a first-order PT is in general
given by the sum of three contributions: that of the scalar field gradients, sound waves and
MHD turbulence. The relative importance of each contribution depends on the details of
the PT dynamics, as discussed in Section 2.2. Here we provide some examples of spectra
to show the interplay among the aforementioned contributions. This helps to clarify the
model-independent sensitivity contours derived in the next section.
In Figure 2 we show examples of GW spectra that can arise if the PT proceeds through
non-runaway bubbles (Case 1 above), for fixed T∗, α and vw, and varying β/H∗. The total
spectrum is given in Eq. (19) by the sum of the signal generated by sound waves and by MHD
turbulence. Since we set  = 0.05 the signal from sound waves is dominant (c.f. Eq. (21)).
Turbulence can play a role at high frequencies, because the signal from sound waves decays
faster (i.e. with p = 4 as opposed to p = 5/3, c.f. Eqs. (14) and (17)) and the peak positions
are not that different (c.f. Eqs. (15) and (18)). Increasing β/H∗ at fixed T∗ and vw causes
the peak position to shift towards larger frequencies, and the overall amplitude to decrease.
Correspondingly, the contribution from turbulence becomes less and less important because
of the suppression due to the factor 8pif/h∗ in Eq. (17).
If the PT proceeds through runaway bubbles in a plasma (Case 2 above), the gradients of
the scalar field also act as a source of GW together with sound waves and MHD turbulence.
The corresponding examples of GW spectra are shown in Figure 3, for fixed T∗, α, vw and α∞,
and varying β/H∗. Note that fixing α∞ sets the relative amplitude of the scalar field-related
and the fluid-related contributions. For small β/H∗ the contribution from the scalar field can
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Figure 2: Example of GW spectra in Case 1, for fixed T∗ = 100 GeV, α = 0.5, vw = 0.95, and
varying β/H∗: from left to right, β/H∗ = 1 and β/H∗ = 10 (top), β/H∗ = 100 and β/H∗ = 1000
(bottom). The black line denotes the total GW spectrum, the green line the contribution from
sound waves, the red line the contribution from MHD turbulence. The shaded areas represent the
regions detectable by the C1 (red), C2 (magenta), C3 (blue) and C4 (green) configurations.
dominate the GW spectrum, since the β/H∗ enhancement of the amplitude that operates
for long-lasting sources is less relevant (c.f. Eqs. (13) and (7)). As β/H∗ increases, the sound
wave contribution gains importance (provided that α∞ is large enough). At sufficiently high
frequencies however the scalar field contribution always dominates because of its shallow
decay: p = 1 as opposed to p = 4 and p = 5/3, see Eqs. (8), (14) and (17).
It is apparent that the total GW spectrum arising from a first-order PT depends on the
interplay among the contributions of the different sources, which in turn are determined by
the specific dynamics of the PT. On the one hand this is encouraging, since it opens up
the possibility of investigating the dynamics of the PT. On the other hand, this is probably
feasible only in the most optimistic PT scenarios and for the best eLISA configurations. Note
that the highest GW signals are expected for runaway bubbles in vacuum (Case 3 above) for
which the GW spectrum has the simplest shape, being determined only by the scalar field
contribution.
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Figure 3: Example of GW spectra in Case 2, for fixed T∗ = 100 GeV, α = 1, vw = 1, α∞ = 0.3, and
varying β/H∗: from left to right, β/H∗ = 1 and β/H∗ = 10 (top), β/H∗ = 100 and β/H∗ = 1000
(bottom). The black line denotes the total GW spectrum, the blue line the contribution from the
scalar field, the green line the contribution from sound waves, the red line the contribution from
MHD turbulence. The shaded areas represent the regions detectable by the C1 (red), C2 (magenta),
C3 (blue) and C4 (green) configurations.
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3.3 Sensitivity to a First-Order Phase Transition
With the eLISA sensitivity to a stochastic GW background determined, we would like to
assess eLISA’s ability to detect GWs from primordial first-order PTs in a way that is as
model-independent as possible. We have shown in the previous section that the predictions
of the GW spectra differ in the three cases described in Sections 2.2.1-2.2.3: we must therefore
consider them separately. The most straightforward is Case 3, runaway bubbles in vacuum,
since the GW spectrum depends only on the parameters β/H∗ and T∗. If plasma effects are
important, the GW signal depends in addition on α, vw and , and moreover on α∞ for the
case of runaway bubble walls at finite α.
Once a model predicting a strong first-order PT is chosen, these parameters are fixed.
However, even without choosing a model, general considerations prevent these quantities
from varying completely independently. For example, α, β/H∗ and T∗ are related: as α
increases, β/H∗ and T∗ typically decrease. This behaviour is due to the shape of the Eu-
clidean action of the tunneling solution, S(T ), as a function of temperature [38]; therefore,
we can expect it to hold quite generally, and to occur in many different models predict-
ing a strong first-order PT. However, the relationship between α, β/H∗ and T∗ cannot be
specified analytically or numerically in more precise terms without knowing S(T ) in detail
i.e. without restricting oneself to a given model. Therefore, it is not possible to perform a
model-independent analysis that realistically accounts for the relation among α, β/H∗ and
T∗. As a consequence, in the following we have chosen to let them vary freely 9, and in
Figures 4, 5 we present contour plots in the plane (α , β/H∗) for different values of T∗ and
representative choices of vw,  and α∞. In Figure 6 the sensitivity is instead shown in the
(T∗ , β/H∗) plane. It is important to keep in mind that not all the points of the detection
regions shown in Figures 4-6 can be realized within a realistic model. See [6] for a very
similar analysis in the 2012 eLISA configuration (also called NGO at the time).
Figure 4 shows the regions in (α , β/H∗) which are accessible by the four eLISA configura-
tions described in Section 3.1 for several values of T∗ in the case of non-runaway bubble walls
(taking vw = 0.95). We have set  = 0.05. In all figures, the regions detectable by eLISA for
each eLISA configuration are shaded. As anticipated, the two six-link configurations provide
the best reach.
The behaviour of the curves in Figure 4 can be understood as follows. Larger values
of α and lower values of β/H∗ are easier for eLISA to detect because the amplitude of the
9A preliminary analysis of this type was carried out in [4] under the simplifying but arbitrary assumption
of a Jouguet detonation, which allows to express the bubble wall velocity as a function of α.
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GW spectrum increases with α and decreases with β/H∗. At fixed T∗ and small β/H∗ only
the high frequency tail of the spectrum can enter the sensitivity curve: as α increases, this
happens at correspondingly smaller values of β/H∗. On the other hand, as β/H∗ increases
for a fixed value of α, the signal peak enters the detectable region, and finally exits it again
for very high β/H∗. The contours flatten out at high α, as the α-dependence drops out from
the GW spectrum amplitude for α 1. Increasing the temperature causes smaller α-values
to enter the detection region, because the peak frequency of the spectrum is shifted towards
higher frequencies where the eLISA sensitivity is better. However, detection requires β/H∗
to be small enough: as we have seen, increasing β/H∗ at fixed T∗ causes the peak frequency
to shift beyond the frequency window detectable by eLISA.
In Figure 4 we also show the benchmarks from various specific models, discussed in
Section 4. The values of T∗ in each panel are chosen so as to approximately match the PT
temperatures of the benchmarks.
Figure 5 applies to runaway bubbles (i.e. vw = 1) at finite α. Again we take  = 0.05
and show several values of T∗ tuned to match the benchmarks of the models presented in
Section 4. For concreteness, we have to fix the value of α∞ in each panel: it is apparent
that the contours of the detectable regions depends strongly on α∞. In Appendix A we
provide extra figures showing the variation of the contours with α∞. Each benchmark point
of Figure 5 represents a model with a given value of α∞ according to Eq. (26) (c.f. the
tables in Section 4). Consequently, for each panel we have chosen a value of α∞ which is
representative of all benchmarks, following the criterion that the position of the benchmark
points with respect to the contours remains as unaltered as possible. For T∗ = 1 TeV there
are no benchmarks: we have fixed α∞ = 0.1. Note that in the four panels we only plot the
region α ≥ α∞, for which the scalar field plays a role. For an explanation of the behaviour
of the curves in Figure 5 we refer the reader to Appendix A.
We reiterate that the sound wave contributions in Figs. 2–5 rely on extrapolating the
results found by simulations for α . 0.1 and small fluid velocities to stronger transitions.
The validity of this extrapolation remains to be determined. The reader should bear this in
mind when interpreting our results, especially in cases where the sound wave contribution
dominates for α & 0.1 (e.g. Case 1).
Finally, the projected eLISA sensitivity for Case 3 (runaway bubbles in vacuum) is shown
in Figure 6. This case is parametrically simpler than the other two. The GW signal, due
entirely to the scalar field contribution, only depends on T∗ and β/H∗. eLISA’s sensitivity
to the stochastic background peaks for frequencies around 1 − 10 mHz. Therefore, as the
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Figure 4: Projected eLISA sensitivity to Case 1: non-runaway relativistic bubble walls. Results
are displayed for four values of T∗ (indicated) and the four eLISA configurations described in Table
1. The detectable region is shaded. Also shown are benchmarks from various specific models,
discussed in Section 4. All other parameters are as described in the text. Note that the values of
T∗ chosen correspond only approximately to the precise values for the benchmark points. The GW
signal is given primarily by the contribution of sound waves (turbulence is negligible for the chosen
value of ).
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Figure 5: Projected eLISA sensitivity to Case 2: runaway bubble walls with finite α. Results are
displayed for four values of T∗ and α∞ (indicated) and the four eLISA configurations described in
Table 1. The detectable region is shaded. Also shown are benchmarks from various specific models,
discussed in Section 4. All other parameters are as described in the text. Note that the values of
T∗ and α∞ chosen correspond only approximately to the precise values for the benchmark points
(as described in the text). The GW signal is given primarily by the contribution of the scalar field
and of the sound waves.
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Figure 6: Projected eLISA sensitivity to Case 3: runaway bubble walls in vacuum. The re-
gion detectable by each configuration (c.f. Table 1) is shaded. Also pictured are the predictions
corresponding to the benchmark points discussed in Section 4 that fall under Case 3.
temperature increases, the GW peak frequency fenv approaches this region from below, and
higher and higher values of β/H∗ are detectable. However at some point the predicted peak
frequency increases above the optimal eLISA value, and larger amplitudes are necessary for
detection; the detectable values of β/H∗ start to decrease accordingly.
3.4 Summary of Model-Independent Projections
The model-independent analysis of this section shows that the six-link configurations provide
the most coverage to first-order cosmological phase transitions. The configuration with four
links and 2 million km arm length is, however, not much worse than that with six links and
1 million km arm length. Note that much better knowledge of the instrumental noise and
astrophysical backgrounds would be needed to use the four-link configurations, since one
cannot cross-correlate the signal of the two effective, coincident detectors that the six-link
configurations provide. This is accounted for in the above analysis through the technique
explained in Section 3.1, and in particular through the increase of SNRthr. We stress that
our comparison between the four- and six-link configurations would change substantially if
the analysis of Ref. [36] were found to be unfeasible in practice, and/or the assumed prior
knowledge of the noise were unachievable.
We now move on to consider how specific models map on to the model-independent
parameter space we have been discussing so far.
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4 Testing Specific Models With Strong Phase Tran-
sitions
Many scenarios beyond the Standard Model of particle physics predict first-order cosmolog-
ical PTs.
Such a transition could have occurred during electroweak symmetry breaking. Provided
the Universe reached sufficiently high temperatures after inflation, electroweak gauge sym-
metry was likely unbroken after reheating. As the Universe cooled, the symmetry would
then have been spontaneously broken when a Higgs field, charged under SU(2)L × U(1)Y ,
acquired a VEV. In the Standard Model of particle physics, and for the observed value of
the Higgs mass, no transition occurs; electroweak symmetry is instead broken at a cross-
over [39, 40] 10. However, many well-motivated extensions of the Standard Model predict a
strong first-order electroweak PT instead of a cross-over. Such a transition could have played
a role in generating the observed baryon asymmetry through the mechanism of electroweak
baryogenesis [42] and produced a spectrum of gravitational radiation observable by eLISA,
through the mechanisms described above in Section 2 11.
Alternatively, there are various extensions of the SM that predict strong first-order cos-
mological PTs not tied to the electroweak scale (or baryogenesis). Models solving the hier-
archy problem via warped extra dimensions and dark matter sectors with non-trivial gauge
structure are two such scenarios.
In the remainder of this section, we discuss several specific examples of models that
predict strong first-order cosmological PTs, at the electroweak scale (Section 4.2) or beyond
(Section 4.3), with GW signals detectable by eLISA. Before proceeding, however, we briefly
outline different mechanisms for generating strong PTs in the early Universe.
4.1 Mechanisms for Generating a Strong First-Order Phase Tran-
sition
There are a variety of well-studied mechanisms for generating a strongly first-order PT in
scenarios beyond the Standard Model. Thermal loops of new bosonic modes can contribute
10A GW spectrum is nonetheless generated by equilibrium phenomena in the electroweak plasma, such as
scatterings between thermal constituents and collective phenomena. The resulting spectrum [41] is however
tens of orders of magnitude below eLISA sensitivity.
11Typically, transport-driven electroweak baryogenesis requires sub-sonic bubble wall velocities, corre-
sponding to small GW signals. There are exceptions however; see e.g. Ref. [43, 44].
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a large cubic term to the finite temperature effective potential. This occurs for example in
the minimal supersymmetric extension of the Standard Model (MSSM) with a light scalar
top quark (stop). Even if the new degrees of freedom do not contribute substantially to
the finite-temperature cubic term, it is also possible to rely primarily on the SM gauge
boson contributions for the barrier, provided the free-energy difference between vacua at
zero temperature is small enough (this in turn depends on the interplay of various terms in
the potential), as may occur in extended Higgs sectors. Alternatively, new tree-level terms
in the scalar potential can directly source a barrier (which can persist to zero temperature).
This can occur either through new renormalizable or non-renormalizable operators. In the
former case, even if no cubic terms are present in the potential, a tree-level barrier can arise
at finite temperature if one of the scalar fields obtains a non-vanishing VEV in an earlier
(not necessarily first-order) PT.
The aforementioned mechanisms typically rely on polynomial potentials, in which case the
critical temperature, the nucleation temperature, the VEV of the scalar field at the minimum
of the potential and the position of the barrier in field space all typically share a common
scale. An alternative and intriguing possibility arises in models with a dilaton-like potential
that is nearly conformal. The potential can be described by a scale invariant function
modulated by a slow evolution across scales, similar to the Coleman-Weinberg mechanism
in which a slow Renormalisation Group evolution of the potential parameters can generate
widely separated scales for the various aforementioned quantities. The potential in this case
is very shallow, and the position of the barrier and the minimum of the potential can be very
far apart. As a result, a significant amount of supercooling and therefore a strong first-order
PT can be obtained without a substantial tuning of parameters.
In the remainder of this section, we review some well-motivated scenarios for physics
beyond the Standard Model that can feature strong first-order PTs via (combinations of)
the mechanisms mentioned above. Our aim is to determine reasonable values of α, β/H∗ and
T∗ that can actually arise in realistic particle physics models. For each model, we provide
some benchmark points (shown in Figures 4-6) and compute the parameters relevant for
predicting the spectrum of gravitational radiation. We also comment on the detectability by
eLISA in each case.
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4.2 Strong Phase Transitions at the Electroweak Scale
4.2.1 Supersymmetric Extensions of the Standard Model
Supersymmetric theories with low-energy soft-breaking terms are theoretically well-motivated
models featuring new scalar fields that can naturally lead to strong electroweak PTs and, in
turn, to sizeable GW signals.
The most well-studied supersymmetric extension of the SM is the MSSM. This theory can
give rise to a reasonably strong electroweak PT, provided the lightest scalar top quark has a
mass below that of the top quark [45, 46]. This rough upper bound decreases substantially
when the Higgs boson mass is fixed at around 125 GeV [47,48], pushing the model into severe
tension with LHC stop searches and Higgs rate measurements [49–52]. At the same time,
independent of the PT, the MSSM is losing its original appeal due to the large amount of
fine-tuning required to obtain a Higgs mass of 125 GeV. Both tensions can be alleviated in
non-minimal supersymmetric models.
In singlet extensions of the MSSM, new F -term contributions can increase the tree-level
Higgs mass and, consequently, reduce the fine tuning of the electroweak sector (compared to
to the MSSM). Moreover, the presence of the scalar singlet enriches the Higgs sector and has
important consequences for the electroweak PT. Even after imposing discrete symmetries on
the field interactions, the (reduced) parameter space still allows for strong PTs [53–55] while
complying with all Run-I LHC bounds [56–58]. In particular, in the regime where the elec-
troweak PT occurs in two steps (i.e. with the singlet acquiring a VEV first, and electroweak
symmetry breaking occurring at a subsequent transition), very strong electroweak PTs seem
likely [59].
For instance, in the four benchmark points of the singlet extension of the MSSM studied
in Ref. [59], the tree-level barrier between the minima along the singlet and the SM-like Higgs
directions of the potential efficiently strengthens the electroweak PT. The properties of the
PTs corresponding to these four points were obtained and studied in Ref. [59]; the results
are quoted in Table 2. Notably, all points fulfill the runaway requirement. Relativistic wall
velocities are thus expected, although obstructions could prevent the bubble from actually
reaching the runaway regime. Since the existence of these obstructions remains to be studied
in this model, we consider the GW signal in both the runaway and the non-runaway scenarios
(Case 1 and Case 2, in the language of Section 2.2). The prospects for detecting the GW
background from these benchmark points at eLISA are shown in Figures 4 and 5 (bottom
left panels) where the values of α and β/H∗ of Table 2 are displayed (the approximation
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A B C D
T∗ [GeV] 112.3 94.7 82.5 76.4
α 0.037 0.066 0.105 0.143
β/H∗ 277 105.9 33.2 6.0
φ∗/T∗ 1.89 2.40 2.83 3.12
Table 2: Characteristics of the electroweak PT predicted for the benchmark points of the singlet
extension of the MSSM analyzed in Ref. [59] (see Section 4.2.1).
T∗ ' 100 GeV has been used). We find that (cf. Figure 4) only the most sensitive eLISA
configuration can probe the electroweak PT of the majority of the considered benchmark
points. For the relativistic non-runaway scenario, the C2 (six-link) configuration can probe
two benchmark points, while if the runaway scenario is realized (cf. Figure 5) it can only
probe one of them.
Other extensions of the MSSM beyond that considered in Ref. [59] are possible. However,
such models seem unlikely to predict much stronger signals than those considered here, at
least for electroweak (i.e. SU(2)L × U(1)Y –breaking) transitions and without significantly
departing from minimality. The predictions could differ substantially when considering PTs
occurring before the electroweak transition. Further study is required to clarify this possi-
bility.
4.2.2 The Standard Model with Additional Scalars
Another simple class of scenarios that can give rise to observable GWs are (non-supersymmetric)
extensions of the Standard Model scalar sector. The new scalar(s) can either be singlets or
charged under the Standard Model gauge groups.
New SM gauge singlet scalar fields can couple directly to the Higgs field via renormalizable
operators. Such models are attractive from the standpoint of dark matter [60], baryogene-
sis [61], and solutions to the hierarchy problem without colored top partners [62]. New terms
in the tree-level potential can allow for strong electroweak PTs and an observable level of
gravitational radiation.
To see what this entails, let us consider the Higgs portal scenario with a real gauge singlet
scalar field, which is the simplest case and illustrates some key features of this scenario. We
will restrict ourselves to the case where the new gauge singlet scalar, S, is charged under a
discrete Z2 symmetry and has no VEV at zero temperature [63]. All other Standard Model
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particles are assumed to transform trivially under the new Z2 symmetry. The most general
renormalizable scalar potential in this case can be written as
V (H,S) = −µ2(H†H) + λ(H†H)2 + 1
2
a2(H
†H)S2 +
1
2
b2S
2 +
1
4
b4S
4 . (30)
Here, the CP-even neutral component of H is identified with the 125 GeV Standard Model–
like Higgs. The discrete symmetry ensures that S is stable. The singlet can thus contribute
to the observed dark matter relic abundance. Note that S can also be a component of a scalar
charged under other symmetries (e.g. a hidden sector gauge group). One should also bear in
mind that this model resides in a subspace of a larger model parameter space without the
Z2 symmetry. Going beyond the Z2 limit opens up additional parameter space for a strong
first-order PT.
This “Higgs portal” model can give rise to a strong electroweak PT in primarily two
ways. If the parameter b2 < 0, the singlet can be destabilized from the origin at finite
temperature (along the S direction in field space). The H†HS2 term then provides a cubic
term to the effective potential, and hence can contribute to a barrier along the direction
connecting the 〈S〉 6= 0 and electroweak vacua (in which 〈S〉 = 0). This is another example
of a two-step transition. Alternatively, if b2 > 0, the singlet will be stabilized at the origin
at all temperatures. Nevertheless, large zero-temperature loop effects can lower the SM-like
Higgs quartic coupling to increase the value of φ(Tn) inside the bubble. Finite-temperature
loop effects can also play a role (alongside the SM gauge, Higgs, and Goldstone bosons) in
contributing to a barrier between the origin and the electroweak vacuum in this case.
To illustrate the characteristics of the electroweak PT in this scenario, we consider four
benchmark points. These points, labeled A–D, are chosen such that mS = 250 GeV, and cor-
respond to (a2, b4) = (2.8, 2.1), (2.9, 2.6), (3.0, 3.3), and (3.1, 4.0), respectively; they satisfy
all current phenomenological constraints and are particularly difficult to test at colliders [65].
The corresponding PT parameters are displayed in Table 3; they are obtained by using the
full 1-loop finite-temperature effective potential and including the resummation of daisy
diagrams. For such strong transitions, the bubble wall is expected to run away without
obstruction [32], corresponding to Case 2 of Section 2.2. The sensitivity of eLISA to these
points is shown in Figure 5, top-right panel. We find that the most sensitive eLISA con-
figuration can probe all four benchmark points, while C2 (six-links) and C3 (four-links) can
probe benchmark point D, with point C residing at the edge of the region detectable by C2).
The observational situation is therefore similar to the one discussed in Section 4.2.1.
While the benchmarks shown above feature thermal transitions (i.e. the O(3)-symmetric
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A B C D
T∗ [GeV] 70.6 65.2 59.6 56.4
α 0.09 0.12 0.17 0.20
β/H∗ 47.35 29.96 12.54 6.42
φ∗/T∗ 3.39 3.70 4.07 4.32
Table 3: Characteristics of the electroweak PT predicted for the Higgs portal benchmark points
discussed in Section 4.2.2.
bounce minimizes the four-dimensional Euclidean action at Tn), it should be noted that this
model can allow for a metastable electroweak-symmetric phase to persist to zero temperature.
This suggests that very strongly supercooled transitions occurring in vacuum (Case 3) may
be possible. The resulting GW signals in this case have not been previously analyzed, but
would be worthwhile to consider in future work.
New scalars charged under the SM gauge group are also phenomenologically and theoret-
ically well-motivated. When transforming nontrivially under the electroweak gauge group,
such scalars can participate in electroweak symmetry breaking, with a potentially significant
impact on the electroweak PT. The simplest realization of this scenario is that of a two-
Higgs-doublet-model (2HDM), in which the SM Higgs sector is enlarged by a second scalar
doublet. These scenarios can accommodate electroweak baryogenesis [66] and can result in
the generation of GWs at the electroweak PT (with preliminary studies having been carried
out in [67]). The scalar potential is 12
V (H1, H2) = µ
2
1 |H1|2 + µ22 |H2|2 − µ2
[
H†1H2 + h.c.
]
+
λ1
2
|H1|4 + λ2
2
|H2|4
+ λ3 |H1|2 |H2|2 + λ4
∣∣∣H†1H2∣∣∣2 + λ52
[(
H†1H2
)2
+ h.c.
]
. (31)
After electroweak symmetry breaking, the presence of the two doublets H1, H2 yields three
new physical states in addition to the 125 GeV Higgs h: a charged scalar H± and two neutral
states H0, A0.
In this class of scenarios, a strong electroweak PT is driven by a decrease in the free-energy
difference between the electroweak-symmetric local maximum and electroweak-broken phase
at T = 0, w.r.t. the SM prediction. The effect of this decrease on the strength of PT is
12We assume for simplicity CP conservation, as well as a Z2 symmetry (softly broken by µ2 in Eq. (31))
for phenomenological reasons, namely the absence of flavour-changing neutral currents in the Higgs sector.
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A B C
T∗ [GeV] 68.71 61.25 51.64
α 0.046 0.070 0.111
β/H∗ 2446 1383 663
φ∗/T∗ 3.15 3.69 4.53
Table 4: Characteristics of the electroweak PT predicted for the benchmark points considered for
the 2HDM in Section 4.2.2.
in fact similar to the reduction of the SM-like Higgs quartic coupling occurring for singlet
“Higgs-portal” scenarios with b2 > 0, as described above. Moreover, such a decrease in
the free energy difference between the origin (in field space) and the vacuum with broken
electroweak symmetry is highly correlated with a large mass splitting between the new states
A0, H0 [68, 69], which provides an appealing connection to LHC signatures.
For 2HDM scenarios, it is always true that α < α∞, and so these models belong to Case
1 of Section 2.2. We present here three benchmark points studied in [70] with increasing
strength of the electroweak PT, labelled A–C in Table 4. The eLISA sensitivity to these
benchmarks is shown in Figure 4, top-right panel. We find that only one benchmark point
lies in the region detectable by C1. This point may also be marginally detectable by C2.
Four-link configurations provide no access to this model.
Finally, let us also point out that new scalar fields can also be charged under the SM color
group, SU(3)c. Such a scalar could trigger a strong first-order color-breaking transition in the
early universe [71]. The broken gauge symmetry can be restored by a subsequent transition
to the standard electroweak vacuum. As argued in Ref. [71], color-breaking transitions in
this two-step setup typically occur at temperatures close to the TeV scale. This may provide
another interesting target for the eLISA experiment. We leave a study of the GW signatures
of this scenario to future work.
4.2.3 The Standard Model with Higher-dimensional Operators
We have seen that tree level modifications of the Higgs potential can easily make the elec-
troweak PT strongly first-order. The models of the previous sections considered cases in
which new terms in the potential involving new (relatively light) scalar fields significantly
strengthen the electroweak PT. Alternatively, the effects of heavy new physics on the PT
can be studied and illustrated in a model-independent manner using an effective field theory
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A B
T∗ [GeV] 63 26
α 0.13 2.3
β/H∗ 160 5
φ∗/T∗ 4 9.5
Table 5: Characteristics of the electroweak PT in the SM plus a dimension-6 effective operator for
two benchmark points taken from Ref. [38]: Λ ∼ 600 GeV (A) and Λ ∼ 576 GeV (B), see Section
4.2.3.
approach, for instance by adding dimension-6 operators in the Higgs potential allowing for
a negative quartic coupling [37,72]:
V (φ) = µ2|φ|2 − λ|φ|4 + |φ|
6
Λ2
. (32)
This model illustrates the typical correlations expected between small values of β/H∗ and
large α mentioned earlier. Contours of α and β/H∗ were computed in the (mh,Λ)–plane
for the complete one-loop finite temperature effective potential associated with Eq. (32) in
Ref. [37]. The region corresponding to a sizable GW signal from the electroweak PT is
confined to values of Λ below 1 TeV. The tension between such a low cutoff and the LHC
bounds remains to be investigated. Nevertheless, focusing on the GW signal, we consider
two benchmark points where Λ is around 600 GeV [38], both in the relativistic, non-runaway
case and in the runaway with finite α case (the predicted wall velocity remains to be studied
in such non-renormalizable models, although runaways seem likely, given the tree-level origin
of the barrier between vacua). The resulting features of the electroweak PT are quoted in
Table 5. We find that for most benchmark points the GW signal can be detected by all eLISA
configurations except C4. However, only C1 can detect all benchmark points.
4.3 Strong Phase Transitions Beyond the Electroweak Scale
As we have seen, observable GWs may have been produced at the electroweak scale in various
scenarios beyond the Standard Model. However, there are other scenarios for new physics
that may have given rise to a strong first-order cosmological PT in the early Universe. We
discuss two such examples here.
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4.3.1 Dilaton-like Potentials and Naturally Supercooled Transitions
Models with a spontaneously broken (approximate) conformal symmetry feature a pseudo-
Nambu-Goldstone boson associated with the broken symmetry; this field is known as the
dilaton. The scalar potential Vσ(σ) of the dilaton field, σ, can be parametrized by a scale
invariant function modulated by weakly scale-dependent function:
Vσ(σ) = σ
4 × P (σ) where ||  1 (33)
A particularly interesting and well-motivated class of scenarios arises when the quadratic
term for the Higgs field φ is controlled by the VEV of the dilaton σ:
V (σ, φ) = Vσ(σ) +
λ
4
(φ2 − ξ σ2)2 (34)
where ξ is a constant. In particular, this potential is precisely that of the 5D Randall-
Sundrum models [75], which provide an elegant solution to the hierarchy problem of the
SM.
Assuming the Higgs is localized on the IR brane at a distance y = r from the UV brane
(localized at y = 0), the 4D effective action for the Higgs is
L4 = e−2kpirηµνDµH˜DνH˜ − e−4kpirλ(|H˜|2 − v2P )2 = ηµνDµHDνH − λ
(
|H|2 − v
2
P
k2
σ2
)2
(35)
where vP ∼ ΛUV ∼ mPl ∼ k, H is the canonically normalized field H = e−kpirH˜ and the
radion field is
σ ≡ ke−kpir. (36)
We also define the scale
ΛIR ≡ 〈σ〉 (37)
which is generated once the radion is stabilized and is exponentially warped down from the
Planck scale due to the Anti de Sitter (AdS) geometry. We also have ξ = v2/Λ2IR. For
the 5D AdS metric, the effective 4D potential for the radion was shown to be dilaton-like
(Eq. 33), independently of the inter-brane distance stabilization mechanism [76–78]. We
therefore recover the scalar potential Eq. (34) for the coupled radion-Higgs system. Solving
the weak/Planck scale hierarchy leads to ΛIR ∼ O(TeV).
The cosmological implications of the potential Vσ(σ) in Eq. (34) were considered in
Refs. [73,74]. A very strong first-order PT typically occurs for this type of potential. In the
first investigation of the associated PT, it was argued that the transition to the minimum
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of the radion potential could not complete [79]. This conclusion essentially followed from
a thin-wall estimate of the critical bubble action and assuming that tunneling would take
place directly to the minimum of the potential. The key point stressed in Ref. [80] is that
the PT can actually complete through tunneling to a value of the field much smaller than
the value at the minimum of the potential and subsequently rolling towards the minimum.
This is typical of very shallow potentials. As emphasized in Ref. [74], the value of the field
at tunneling, σr, is σr ∼ √σ+σ− where σ+ and σ− = ΛIR are the positions of the maximum
and minimum of the potential respectively. The nucleation temperature Tn is proportional
to σr and given by [74,81]
Tn ∼ 0.1√σ+σ− ∼ 0.1 ΛIR
√
σ+
σ−
. (38)
For a standard polynomial potential, σ+ ∼ σ− ∼ σr ∼ Tn. In contrast, for the very shallow
dilaton-like potential, σ+  σ−, and the nucleation temperature is parametrically much
smaller than the scale associated with the minimum of the potential. We therefore naturally
get a stage of supercooling before the PT completes. The hierarchy between σ− and σ+ can
be as large as the Planck scale/weak scale hierarchy: σ−/σ+ . ΛUV /ΛIR. Therefore the
nucleation temperature can be as low as Tn ∼ 0.1ΛIR
√
ΛIR/ΛUV [74]. We obtain Tn ∼ 35
MeV if ΛIR = 5 TeV and ΛUV = MPl, while Tn ∼ 0.1 GeV if ΛIR = 1 TeV and ΛUV = 1010
GeV. Note that at scales below ΛQCD, Eq. (33) will be modified, since QCD breaks conformal
invariance. While a delayed electroweak PT down to the QCD scale is in principle a general
outcome in this framework (and interesting from the standpoint of e.g. cold electroweak
baryogenesis with the QCD axion [82]), this modification of the scalar potential around the
QCD scale, which we do not account for here, will affect the detailed predictions of this
model.
We have argued that the nucleation temperature of the PT associated with a potential
of the form in Eq. (33) can be many orders of magnitude smaller than the scale given by the
VEV at the minimum of the potential. In this case, plasma effects can be ignored and the
GW signal comes from runaway bubbles in vacuum. As discussed in Section 2.2.3, while the
PT temperature Tn can in principle be much smaller than ΛIR ∼ O(TeV), the temperature
T∗ in the various GW formulae will be set by the reheating temperature, T∗ ≈ Treh. This
temperature is typically somewhat below ΛIR and the peak frequency (Eq. (10)) can easily
fall within the range that will be probed by eLISA. In particular, for a dilaton VEV at the
TeV scale, as motivated by the Randall-Sundrum scenario, and more generally by composite
Higgs models which have a strongly coupled sector at the TeV scale, the predicted GW signal
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A B
T∗ [GeV] 100 100
β/H∗ 3 15
Table 6: Characteristics of the PT predicted for the benchmark points of the dilaton-like scenario
in Section 4.3.1.
can be detectable by eLISA [80,81].
The prospects for detecting the gravitational wave signal predicted by such a scenario
are analyzed for two benchmark points, with PT properties summarized in Table 6. The
two benchmark points A and B represent the parameter space region in which this model
solves the hierarchy problem without introducing a significant “little hierarchy” between the
EW scale and ΛIR. In computing β/H∗, Eq. (27) is used, as is appropriate for vacuum
transitions, since T∗ ≈ Treh  Tn. As shown in Figure 6, the prospects for observing GWs
from this model are very good. Benchmark point A can be detected by all configurations while
benchmark point B can be observed by all but C4.
Very strong first-order PTs associated with nearly conformal dynamics at the TeV scale
are interesting from the point of view of the hierarchy problem, but a similar situation may
arise at a different scale. In this case, the discussion of this section remains applicable as far
as the strength of the GW signal is concerned, although the predicted peak frequency will
be affected.
4.3.2 First-Order Phase Transitions in a Dark Matter Sector
Models in which dark matter (DM) is a stable bound state of a confining dark sector are well
motivated. Common examples are SU(N) dark sectors with nf light dark quarks, where the
DM candidate is a dark baryon-like state [83], as well as cases with no massless quarks, in
which case dark glueballs are DM candidates [84]. The DM mass is typically of the order of
the confinement scale, which in turn is set by the scale of the associated symmetry breaking
PT. In a large class of models the PT is first order, and therefore can give rise to a GW
signal.
Viable DM models of this class have masses ranging from O(10) MeV up to O(100) TeV.
The GW signal falls into the eLISA frequency range for DM masses ranging from 10 GeV to
10 TeV. In particular the high mass range is difficult to test in current collider experiments,
and GWs provide a unique window to probe some aspects of these models.
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The first-order nature of the PT in these models can be determined from very basic
symmetry arguments [85]. For an SU(N) dark sector with N ≥ 3 and nf light quarks the
PT is first order for nf = 0 or 3 ≤ nf . 4N . The PTs occur in the non-perturbative regime
of the theories, so the details of the dynamics are currently not known. This can be improved
in the future using lattice simulations.
Some models might feature a rather weak PT, which will typically make them inaccessible
by eLISA. On the other hand, studies of holographic PTs [73,74,79–81] discussed in Section
4.3.1 find cases with very strong transitions, and therefore one can hope that models close
to the conformal window (i.e. with nf close to 4N) will also fall into this class. Thus, we
expect at least a subset of the models to feature a sufficiently strong signal to be detectable
by eLISA.
We consider a scenario with relativistic (non-runaway) bubbles in a plasma (Case 1), and
a scenario with runaway bubble walls in vacuum (Case 3). We do not consider the possibility
of runaway bubbles in a plasma (Case 2), simply because the prospects for GW detection
by eLISA in this case depend sensitively on α∞ (c.f. Appendix A), which is not known
for these scenarios. In fact, as the present understanding of the model does not allow for
proper quantitative estimates, we simply make some reasonable guesses for all of the relevant
PT parameters. Specifically, in the first case we assume T∗ = 10, 50, 102, 103 GeV. For each
temperature we consider β/H∗ = 10 as well as β/H∗ = 100, respectively accompanied
by α = 0.1 and α = 0.5. In the second case we assume T∗ = 10, 102, 103, 104 GeV and
β/H∗ = 100. We stress that these values are simply educated guesses, since our present
understanding of the model does not allow for proper quantitative estimates. We analyze the
GW signal detectability for Case 1 and Case 3 in Figures 4 and 6. We find that, in Case 1,
the C4 configuration can only probe one of the benchmark points, while C1 can detect all but
one. C2 and C3 provide comparable sensitivity to these points. For Case 3, all but C4 can
detect the benchmark points considered.
Despite its numerous issues that require future clarification, the present model deserves
some attention as it highlights a link between eLISA and DM experiments. Dark matter
model building in recent years has focussed on non-minimal models with additional dynamics,
and this model is a broad subclass of this category. From the point of view of theoretical
particle physics there is a strong desire to find alternative ways to probe these models, since
they are relatively hidden from collider and direct DM searches. In contrast, the GW signal
does not depend on the interaction strength between the dark and visible sectors, and thus
provides a unique way to probe these scenarios. In particular, most of the parameter space
36
will not be excluded by other experiments within the next 20 years, and so eLISA may
provide the first evidence in favor of such a dark sector. The criteria for first-order PT are
simple and generic, and the models considered so far are minimal. Other classes of models
in which DM is associated with a first-order PT are conceivable, and the models considered
here could also be extended, for example to enhance the strength of the transition. Future
work considering these possibilities is warranted.
5 Summary and Conclusions
We have seen that many scenarios beyond the SM predict a GW signal from first-order phase
transitions in the early Universe that can be observed by eLISA. Although ongoing efforts
at the LHC will be able to test some of these scenarios, there remain many examples that
cannot be probed through collider experiments on a timescale comparable to that of eLISA,
if at all.
The eLISA detector has the potential to provide us with valuable information about
electroweak-scale physics that cannot be obtained from high-energy colliders, for example
concerning the dynamics of the electroweak phase transition and the shape of the Higgs
potential, or concerning hidden sectors and dark matter at the weak scale. Violent processes
in the early Universe may in fact have taken place in a sector with very feeble couplings to
the SM particles; in this case the new sector might only be probed via GWs.
The eLISA interferometer is also in a good position to probe strong first-order phase
transitions taking place well above the electroweak scale, in the multi-TeV regime. There are
many theoretical motivations for such scenarios, for example solving the hierarchy problem
or explaining the observed dark matter abundance in our Universe. In fact, we have shown
that eLISA may be sensitive to cosmological phase transitions taking place at temperatures
above 10 TeV, and therefore be able to probe new physics that will remain inaccessible to
collider experiments for the foreseeable future.
We have demonstrated the extent to which different eLISA configurations can realistically
detect the stochastic gravitational wave background arising from strong first-order cosmo-
logical phase transitions. To do so, we considered a (model-independent) parametrization of
the phase transition in terms of α, β/H∗, T∗, and α∞. To make contact with realistic models,
we analysed the predicted values for these parameters in various well-motivated scenarios.
Focusing on the eLISA designs listed in Table 1, and taking into account the signal-to-
noise ratio thresholds required for detection (SNRthr > 10 for six links, SNRthr > 50 for four
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links [33]), we conclude that:
• For typical electroweak phase transitions, in which all relevant dimensionful parameters
are near the electroweak scale, the configuration C1 is definitively better than the
others, while the configuration C4 is decisively unsatisfactory. The performances of the
configurations C2 and C3 are similar, but C2 has the ability to test a larger fraction of
the considered benchmark points.
• For phase transitions not strictly related to electroweak symmetry breaking, e.g. in-
volving a dark sector or a dilaton, the predicted characteristics of the phase transitions
exhibit more variation. Larger GW signals are allowed than in the electroweak case. For
certain scenarios, the resulting GW spectrum can be probed by all considered eLISA
designs. The C1 configuration, however, has the potential to test a much wider region
of the parameter space in such models than do C2–C4.
It is worth reiterating that our results for the four-link configurations depend strongly on
the assumed prior knowledge of the noise level, as well as the feasibility of the data analysis
technique proposed in [36].
Finally, we emphasize that our results can be straightforwardly extended beyond the
specific models considered in Section 4. To do so, one should identify the main features of
the bubble wall dynamics from the general considerations of Section 2.2 and e.g. Refs. [9,10,
31,32], and compute the predicted values for the parameters α, β/H∗, T∗ and α∞, as defined
in Sections 1.1 and 2 (in some cases only a subset of these quantities will be relevant for
the predicted GW signal). The results of this procedure can then be compared directly with
the appropriate eLISA sensitivity curves provided in Figs. 4–7. In this way, we hope this
study to serve as a useful tool (and motivation) for future investigations of eLISA’s potential
to probe new physics scenarios predicting strong first-order phase transitions in the early
Universe.
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A Sensitivity to Runaway Bubbles in a Plasma
If the PT proceeds as in Case 2, with runaway bubbles (i.e. vw = 1) at finite α, the contours
of the detectable region in the (α, β/H∗) plane depend not only on T∗ and vw, but also on
α∞. In our analysis we have consistently set vw to values very close to one, maximizing its
effect on the GW spectrum. In this Appendix we aim to show how the sensitivity contours
change with T∗ and α∞. We refer the reader to Figure 7 where we plot the detectable regions
for three values of T∗ and α∞.
From Figure 7 it is apparent that the effect of increasing T∗ is similar to that found
by increasing α∞. This is because, in both cases, the contribution of the sound waves to
the GW spectrum gains importance. Fixing α∞ amounts to fixing the relative contribution
of the scalar field and of the sound waves, c.f. Eqs. (24). At small α∞ and small T∗ only
the scalar field contribution is relevant: the typical contour-shape is that appearing in the
top left panel of Figure 7. For small β/H∗, only the high frequency tail 1/f lies within
the eLISA sensitivity region. As β/H∗ increases, a larger portion of the spectrum becomes
observable until the peak finally exits the detectable region. Increasing β/H∗ also causes the
overall amplitude to diminish and therefore one needs correspondingly lager α to guarantee
detectability. Starting from the situation with small α∞ and small T∗ (top left panel), one
has that increasing T∗ at fixed α∞ does not change the relative contribution of the scalar
field and sound waves but shifts the peak to higher frequencies. Since the peak due to
the sound waves occurs at parametrically larger frequencies than that due to the scalar field
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Figure 7: Detectable regions in the (α, β/H∗) plane for phase transitions with runaway bubbles
at finite α (Case 2). In each row of panels we fix T∗ as indicated and consider three values of α∞,
increasing from left to right.
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(c.f. Eqs. (10) and (15)), this can help shift the spectrum into the detectable region, especially
if β/H∗ is large enough. We reiterate that the amplitude of the sound wave contribution is
larger by a factor β/H∗ than that of the scalar field in our treatment (c.f. Eqs. (7) and (13)).
As a consequence, the regions at small α and large β/H∗ open up with increasing T∗, in the
middle left and bottom left panels of Figure 7.
The same trend is observed at fixed T∗ if one increases α∞: the sound wave contribution is
boosted in amplitude w.r.t. that of the scalar field and affects the detectable regions at small
α and large β/H∗. Note that the amplitude of the scalar field contribution, Eq. (7), increases
with increasing α until the α−dependence drops out at very large α and consequently the
contours demarcating the detectable regions flatten at high α. On the other hand, the
amplitude of the sound wave contribution at fixed α∞ decays with growing α (c.f. Eqs. (13)
and (24)). This behaviour is reflected in the shape of the contours in the low-α regions shown
in the right panels.
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